SUMMARY: The growth of Escherichia coli strain B/r on nutrient agar is the same as in broth with regard to the initial lag period and the rate of increase during the exponential phase. On nutrient agar, growth is finally slowed down either when individual colonies contain more than 218 bacteria, or when the total number of bacteria/4 in. plate exceeds 1010.
A method for the measurement of the rate at which phage-resistant cells of E. coli arise in phage-sensitive cultures has been described by Luria & Delbriick (1943) , who adopted the technique of growing cultures of the bacterium for given periods of time in liquid broth media, and subsequently plating out known small amounts from the cultures on to nutrient agar plates, together with an excess of phage particles. All except resistant bacteria were then killed, and the proportion of the latter could easily be determined by allowing them to grow into visible colonies. The calculation of the rate at which sensitive bacteria gave rise to resistant ones was however complicated by the fact that the proportion of resistant bacteria depended largely on the time a t which mutation took place, because a single early mutation would lead to the formation of a large clone of resistant bacteria, and a late one would yield only one or two resistant cells. Luria & Delbriick attempted to overcome this difficulty (1) by basing their calculations on the proportion of cultures which did not contain any resistant mutants a t all, and (2) by utilizing the average number of resistant bacteria per culture. The first method, which makes use of only a *part of the available information, gave a mutation rate of 0.32 x lO-g/bacterium/division cycle, and the second method, which is inaccurate on account of the assumption that there are no early mutations, gave values varying between 0.76 and 243 x 10-8. Demerec (1946) modified the above method by growing the bacteria on nutrient agar instead of in a liquid medium, and by applying the phage as a fine aerosol sprayed on to the plates. When grown on concentrated agar the bacteria do not move about to any serious extent, and consequently all mutations occurring after plating are represented by single colonies, no matter how many bacteria have been formed by multiplication of the original mutant cell. The difficulty is now to determine precisely the number of bacteria on a plate at the moment of spraying with phage. It is the object of the work here described to show how this may be done and, from the data obtained, to make a more precise determination of the mutation rate from phage sensitivity to phage resistadce. The advantage of this method is that it enables one to determine the mutation rate at a given time in the development of a bacterial colony, while the method of Luria & Delbriick gave only an average for the rates over the whole period of growth.
METHODS

General
The cultures of E. coli used in all experiments here described were made from the radiation resistant B/r strain of Witkin (1946)) with the exception of the tests described in. the section on 8ub-cZa.ssijication of mutants (p. 139) where strain B (from which B/r was originally derived) was also used. Phage cultures were prepared from the 2 ' 1 strain. Growth and mutation rates were studied on standard media prepared from Difco nutrient agar, 2.3 g./l., together with NaC1,5 g./l., and a trace of gentian violet to diminish the chance of contamination by air-borne Gram-positive bacteria. All cultures were incubated at 37'. Care was taken to ensure that the Petri dishes were kept at this temperature right up to the moment of plating the bacteria, and to minimize the time during which the plates were exposed to room temperature-(which was never more than 2 min.). Growth was checked at any desired time by transferring the plates to the cooling element of a refrigerator ( -5 ' ) for 3 min., and afterwards storing them in the main chamber ( +So) until required. At 5" neither growth nor death occurs appreciably during a few hours.
Spraying of phage was carried out as described by Demerec (1940), except that a larger type of nebulizer (no. 40) was found to be necessary in order to deliver enough phage particles on to the surface of the agar in 2 min. After spraying with phage, cultures were incubated for at least 48 hr. to permit resistant colonies to become easily visible. With a shorter period of incubation, the slower-growing colonies were sometimes missed.
Growth rate of Escherichia coli on nutrient agar
The number of living bacteria on a 4 in. agar plate was estimated by pipetting on to the surface successive samples each of 5 ml. 0-85 yo saline. After each washing, the bacteria were scraped off the agar with a glass spreader, and the suspensions thus obtained pipetted off and counted.
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The effectiveness of this washing process was tested by pipetting on to a series of plates a suspension containing a known number of bacteria, spreading the drop, allowing to dry, and finally washing the bacteria off again before there was time for multiplication to have taken place. washing is compared with the number put on, and the mean here is 84 yo. Thus the washing process is effective, and four successive washings would remove almost all the bacteria from a plate. This method was used for determining the growth rate of bacteria on nutrient agar, as described below. Subsequently, however, the technique was simplified by making a single washing with 10 ml. saline, stirring up thoroughly, and counting a 0.1 ml. sample pipetted directly from the flooded plate, instead of pooling the entire washings into a separate tube and counting the pool. The simplified method was found to be just as reliable as the first, and much quicker. Using the method of four successive washings, each of 5 ml. saline, pouring off and counting a mixture of all four washings, the rate of increase of E. coli (strain B/r) on nutrient agar at 37' was determined for periods ranging from 0 td 12 hr. ( Table 2 and Fig. 1) . A fully grown, aerated broth culture was used as source of bacteria in these experiments, which were made over a period of 6 days. It will be seen from the graph that there is an initial lag period of about 14 hr. Growth then proceeds exponentially for about 8 hr., when the rate of increase diminishes. The slope of the curve indicates a division cycle of a6out 20 min. Thus the growth rate of E. coli (strain B/r) is essentially the same as that determined in broth by Witkin (1946). Similar results have recently been reported for another strain of E . coli by Mayr-Harting (1947), using somewhat different methods. --
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-- In order to determine the initial lag period with bacteria growing on nutrient agar and compare it with the lag of similar samples of bacteria growing in liquid broth media, three fully-grown cultures of strain Blr of different ages were taken, and the lag determined on agar and in broth for each. The results (Table 3) indicate that the lag periods are the same in the two media. Effect of crowding on growth rate on nutrient agar
The effect of high densities of bacteria on the growth rate on nutrient agar is shown in Table 4 . Series of platings were made with varying numbers of bacteria and the plates incubated for 54, 6s or 7 hr. The initial number of bacteria was so chosen as to lead to the production of between loQ and 1bl1 bacteria/plate after incubation. It was found that when the final number of bacteria is greater than lolo, growth rate was markedly diminished ( Table 4, cols. 3 and 4). 
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It has already been shown (see Table 2 and Fig. 1 ) that growth rate of bacteria in individual colonies slows down after 8 hr., or about nineteen generations, no matter how small the number of colonies/plate. Now we have a second limitation of the exponential growth period, namely the total number of bacteria/plate, which must not exceed lolo. Consequently, there may be a restriction of growth either within colonies, when they contain more than 219 cells, or between colonies, when the total bacteria/plate is more than 1010. Growth of bacteria from actively growing cultures
As described above, it is possible to determine the growth rate on agar of bacteria taken from fully grown cultures. However, any one determination is likely to deviate from the mean by as much as 100 yo and such determinations have to be made separately for each experiment on account of uncontrollable variations in the initial lag period. Nevertheless, there was evidence that the growth of E . coli on nutrient agar was extremely constant, under constant conditions, and if one could only determine this rate accurately, and at the same time get rid of the initial lag period, it would no longer be necessary to make separate determinations for each experiment; all that would be required would be a knowledge of the number of bacteria plated, and the time during which growth was taking place.
Consequently some tests were made with bacteria from actively growing cultures in which the bacteria were still actively dividing. These tests showed that when bacteria were taken from a broth culture, whether aerated or not, containing more than lo7 bacteria/ml., a short initial lag was obtained, But if the culture contained less than 107/ml., the growth rate was exponential from the moment of plating. Table 5 shows th: results with cultures containing from 2 x lo6 to 7 x lo6. For each test 0.1 ml. of the culture was plated, using the undiluted culture for the 4 hr. series and a dilution of 1/60 for the 6 hr. series. The mean increase after 4 hr. growth was found to be 5.8 x 103 times, and after 6 hr., 3.8 x 105 times. These results indicate a generation time of 19Q min., with no initial lag period.
It is clear that the number of bacteria/plate may be estimated simply from the incubation period and the number of bacteria initially plated, and this method was adopted for the mutation rate experiments. Number of phage particles required An important condition for the success of the aerosol method of spraying phage particles on to bacterial colonies is that a sufficiently large number of phage particles must be delivered and bring about immediate infection of all or nearly all 'sensitive bacteria. If an appreciable number of bacteria escape immediate infection, they will be able to pass through one or more divisions before being lysed, and during this time additional mutations may occ,ur; and, when there is an insufficient excess of phage, an unduly high mutation rate will be obtained. An attempt was made to determine the critica14excess of phage over bacteria by taking an extremely concentrated phage suspension (1-5 x l0l1/ml.) and spraying it in varying concentrations, each on to a series of similar bacterial cultures all containing about 4 x 108 bacteria/plate. Thus one series received about seventy times as many phage particles as bacteria and another only six times as many. From the mean numbers of resistant colonies surviving each treatment (Table 6 ) it will be seen that there is no difference between the two series, and consequently nothing is gained by applying to the bacteria more than a six-fold excess of phage, when the number of bacteria is about 4 x Wlplate. In other tests, a smaller number of phage particles was applied,
and this sometimes resulted in a rise in the number of surviving colonies, indicating insufficient infection at the time of spraying. However, the actual point at which this phenomenon becomes important is difficult to establish, owing to uncontrolled fluctuations.
Under conditions of reasonably low humidity, it is possible to spray 0.3 ml. of a phage suspension in 2 min. on to an agar plate, without disturbing the positions of the bacterial colonies. Thus, if a phage stock has a titre of 2 x 10lO/ml. (which can be readily obtained for 2 ' 1 in broth), the desired eight-fold excess can be obtained if the number of bacteria does not exceed 8 x 108/plate, and this latter number is just sufficient to yield a workable number of phageresistant mutations.
RESULTS
Mutation rate after 4 and 6 hr. growth on nutrient agar at 37" At the same time as the growth-rate determinations summarized in Table 5 were made, a similar series of nutrient agar cultures was prepared for the mutation-rate determinations. These cultures were treated in precisely the same manner as the growth-rate series, except that the process of washing and assaying was replaced by that of spraying with phage, reincubating for 48 hr.
and counting the surviving colonies. Table 7 shows the results. Six actively growing cultures were prepared, on different days, and from each culture a series of platings w p made, using 0.1 ml./plate at full strength for the 4 hr.
series, and at a dilution of 1/60 for the 6 hr. series. This procedure leads to the development of approximately the same final number of bacteria/plate in both series. The number of bacteria plated was determined by making a careful assay of the original culture. The number of bacteria/plate at the time of the phage application was calculated by multiplying the number plated by 5.8 x 103 in the 4 hr. series, and by 3.8 x lo5 in the 6 hr. series. The mutation rate is derived simply by dividing the mean number of resistant colonies by the number of bacteria/plate at time of phage application. This is legitimate because there were no mutations present on the plates a t the start of the experiment, and the numbers of bacteria plated are very small in comparison with the numbers at the time of applying the phage.
The means in the two series-0.74 x lo-* and 0.70 x lO-*-agree very well, and statistical analysis by the t test confirms that the two means do not differ significantly. This agreement gives encouraging justification for the method adopted.
It is thus evident that no matter whether a large number of bacteria is grown for a comparatively short time (sufficient for twelve generations), or a smaller number for a longer time (sufficient for eighteen generations), the number of mutations expressed as proportion of mutants in the bacterial population is the same. One must, however, make the important reservation that this regularity cadonly be assured for bacteria which are growing in the exponential phase. If bacteria are taken from old fully grown cultures, or if they are allowed to grow on a plate to a density sufficient to cause a slowing down in the rate of increase, the method here described beeomes unreliable.
Sub-classijication of mutants
It is known that resistance to a particular phage may be produced by.severa1 more or less independent mutations (Demerec & Fano, 1945) . E . coli has two principal mutants resistant to T I , namely, B/1, resistant to TI but sensitive to T5, and B/1, 5, resistant to both T 1 and T5. An attempt was made to Mean mutation rate determine the relative proportions of these and of certain other mutants in representative samples obtained by the spraying method. This part of the investigation was, however, made difficult by the property which T1 has of producing mutants of the type known as T l h (formerly designated 'a'), capable of lysing B/1 bacteria, but not B/1, 5 (Luria, 1945) . If there were an appreciable amount of T 1 h in the stock of T 1 used for spraying, most or all of the B/1 mutants on a plate would be eliminated. Furthermore, even if it were possible to prepare a stock of T 1 entirely free of T 1 h, mutation from T1
to T l h could still take place on the plates. Thus the determination of the proportion of B/1 mutants is always an underestimate.
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Preliminary tests indicated considerable variations in the proportions of B/1 and B/1, 5 in different experiments, and in particular it was found that cultures derived from strain B/r produced a lower proportion of B/1 mutants than cultures derived from strain B. Such variations might have been due to differences ip mutability of the different bacterial cultures, but equally to variations in the amount of T1 h in the stocks of phage used for spraying. In order to distinguish between these alternatives, two fully gro& broth cultures were set up, one of strain B, the other B/r, and from each of these two cultures three sub-cultures were prepared by taking a small inoculum in broth and incubating for 24 hr. It was so arranged that each sub-culture contained actively dividing bacteria, and such a low number of phage-resistant mutants that a sample of 0.1 ml. would in practice be entirely free of mutants. Platings were made from the sub-cultures and incubated for 6 hr., when the plates were sprayed with a sample of phage containing a minimum of T 1 h (c. 30-40/ml.
tested against B/1). After further incubation for 3 days, the mutant colonies had grown to a convenient size, and were tested for resistance to a number of phages by the streak method of Demerec & Fano (1945) . From each mutant colony a broth suspension was prepared for the streak tests. Sometimes bacteria thus obtained would not grow when streaked out in concentrated suspensions, presumably due to the presence of phage mutants in the suspension. This difficulty was overcome by streaking the bacteria first in dilute suspensions and thus freeing them from the phage.
Each mutant was tested against the phages T8, T 5 and a stock of T1 h specially prepared, resistance to T1 being assumed. The results are shown in Tables 8a and b, and confirm that bacteria from strain B/r produce fewer B/1 mutants in comparison withB/1,5 than do bacteria from strain B. There are also indications that the different sub-cultures of the same strain are heterogeneous in their capacity to mutate to B/1, though further data are needed to make this clear. Finally, it is seen that a number of exceptional'mutants appear, which It must, however, be admitted that the streak method for sub-classifying the various mutants is not very satisfactory, since there is a possibility that secondary mutations will occur during the period of growth of the mutant colonies on the plates or in the broth suspensions prepared from the mutant colonies. However, this does not alter the conclusion that resistance of E. coli to phage T1 may be brought about by any one of a number of different mutations, evidence for five of which has been obtained here, and that the relative or absolute frequency of the different mutations may vary in different bacterial cultures, and under the selective action of different phage stocks.
DISCUSSION
Luria & Delbriick (1943) were able to prove that the heritable change in a bacterium which brings about phage resistance is something in the nature of a spontaneous mutation, i.e. that it is not a change induced by the application of the phage, but occurs in the bacterium before the phage comes into contact with the bacterium. They were also able to estimate the mutation rate to phage resistance.
The technique in the experiments described here is valid only if one accepts Luria & Delbriick's hypothesis. If this is done, the estimates of mutation rate made here are more precise. The absolute value of 0.7/108 bacterial divisions is within the range of figures obtained by Luria & Delbriick. Furthermore, what is established here is the constancy in over-all mutation rate under constant conditions : i.e. by using one particular culture of bacterium and one particular culture of phage, and confining our observations to the period during which the bacteria are in an actively dividing state, we find that mutation rate is a constant function of cell division. This is the main conclusion to be drawn from these experiments, and gives. further support to the genetic interpretation of the change from phage sensitivity to phage resistance.
The difference between the strains B/r and B in producing mutants B/1 and B / l , 5 may be due to some property in the B/r strain associated with radiation resistance, but it is more probably a chance effect. This is supported by the G . H . Beale data in Table 8a , which indicate that different sub-cultures from the same strain differ in the relative proportions of B/1 and B/1,5 mutants which are produced. It thus seems possible that such variations in mutability may arise spontaneously after a comparatively small number of cell generations. Whether the total mutation rate to T1 resistance would be materially affected by this variability in mutation rate to B/1 (which in these experiments amounts to a maximum of 30%) is not known; nor have we any information on the specificity of the effect, i.e. whether a high production of B/1 mutants is associated with a high production of some other mutants as well. Further work is required on these problems.
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